Nanoimaging of specimens in liquid conditions is needed in various applications such as analysis of colloidal solutions and observation of microcrystals during growth and selfassembly. In the case of biological specimens, high resolution imaging is crucial for a deeper understanding of cell functions. Fluorescence microscopy has been widely used to analyze the dynamic behavior of cellular components in living cells, since stained molecules of interest in the specimens can be imaged with high contrast. 1, 2 However, many structures in cells are too small to be resolved with a standard optical microscope because of the diffraction limit of light.
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A novel combination of optical and electron microscopes results in a high-resolution optical nano-imaging system for biological applications.
Nanoimaging of specimens in liquid conditions is needed in various applications such as analysis of colloidal solutions and observation of microcrystals during growth and selfassembly. In the case of biological specimens, high resolution imaging is crucial for a deeper understanding of cell functions. Fluorescence microscopy has been widely used to analyze the dynamic behavior of cellular components in living cells, since stained molecules of interest in the specimens can be imaged with high contrast. 1, 2 However, many structures in cells are too small to be resolved with a standard optical microscope because of the diffraction limit of light.
We developed a direct, electron-beam excitation assisted, optical microscope (D-EXA microscope) that combines a scanning electron microscope (SEM) with a fluorescence microscope. 3, 4 This super-resolution fluorescence microscope has spatial resolution of a few tens of nanometers and can image the dynamic behavior of nanoparticles in liquid conditions. Samples of fluorescent particles or fluorescently labeled biological specimens are placed on a thin film that functions as an electron transparent window. A focused electron beam irradiates the sample from below to directly excite luminescence, which is referred to as cathodoluminescence. [5] [6] [7] This yields higher spatial resolution than normal light excitation, because the electron beam can be focused in a smaller region than that of a light beam even if some of the electrons are scattered in the film. Specimens can be observed in their native state in a liquid environment because the film separates the environment of the specimen from the vacuum in the microscope.
The principle of direct excitation with an electron beam in the D-EXA microscope is shown in Figure 1 . We can focus this beam to an area of approximately 2nm in diameter in vacuum, 7 but the focus spot will broaden to a few tens of nanometers due to electron scattering in the film and specimens. We estimated the amount of scattering with Monte-Carlo simulation. The direction of the electron beam is controlled by magnetic or electric fields along the beam path. To create a real-time twodimensional image, we modulated these fields to scan the beam over the surface of the specimen (no mechanical moving parts are necessary).
The thin film separates the samples from the vacuum in the SEM, which allows us to keep specimens in a liquid or air environment and observe their dynamic behavior under various conditions. In biological applications, the D-EXA microscope allows for the analysis of cell functions at the nanometer-scale under physiological conditions.
We designed and built a prototype D-EXA microscope (see Figure 2 ). The beam from the SEM irradiates the specimens from below and the excited emission is collected above in the fluorescence microscope. 3, 4 A photo-multiplier (PMT) records the signal.
To evaluate the resolution of the D-EXA microscope, we observed dried zinc oxide (ZnO) nanoparticles under atmospheric pressure. 8, 9 We first placed the 100nm-sized ZnO nanoparticles
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in ultra-pure water on the thin film and dried them at room temperature. We then imaged the nanoparticles with both a conventional epi-fluorescence microscope and the D-EXA microscope, as shown in Figure 3(a) and 3(b) , respectively. Both images represent the same area of 9.7 m 9.7 m, but the ZnO nanoparticles are resolved more clearly in Figure 3(b) . These results show that the D-EXA microscope has a higher spatial resolution than that of the epi-fluorescence microscope. Figure 3 (d) and (e) represent the line-profiles of the regions between the arrows in Figure 3(a) and (b) , respectively. The data indicates that the D-EXA microscope is able to distinguish each ZnO nanoparticle, whereas the epi-fluorescence microscope cannot. This is because the spatial resolution of the epi-fluorescence microscope is limited to approximately 200nm due to the diffraction limit of light. In Figure 3 (c), we show the luminescence image of isolated ZnO nanoparticles acquired with the D-EXA microscope. From the corresponding line profile depicted in Figure 3 (f), we find that the full width at half maximum for the D-EXA microscope is 100nm.
In a separate experiment, we observed living Chinese hamster ovary (CHO) cells with the D-EXA microscope to confirm the potential for live cell imaging. These were MARCO-expressing cells, where MARCO refers to a specific macrophage receptor. To keep the cells alive during imaging, we placed them in culture solution without any treatments, such as fixation or drying. We compared the luminescence image of the cells acquired with the D-EXA microscope in Figure 4 (a) to a phase contrast microscope image in Figure 4 (b). Several features are recognizable, such as the shape of each cell and some bright spots inside cells. This demonstrates that the D-EXA microscope is a useful tool for observation of living biological cells in physiological conditions.
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In future work, we need to evaluate the damage to the specimen by electron beam irradiation. We can minimize this damage, as well as improve the spatial resolution, by optimizing the acceleration voltage of the electron beam and by adjusting the film thickness and composition.
In conclusion, the D-EXA microscope is a technique with high spatial resolution beyond the diffraction limit of light. We have shown that it has a spatial resolution of better than 100nm and that it can provide luminescence imaging of living cells in culture solution by time lapse imaging. We believe that the D-EXA microscope is a promising tool and opens up new applications for life sciences as well as other fields.
